Introduction
[2] In December 2006, southeastern Australia suffered from exceptionally intense forest fires. Although forest fires are common in Australia's hot summer months, this particular episode was being described by government officials as exceptional [e.g., http://en.wikipedia.org/wiki/2006-07_ Australian_bushfire_season]. In this paper we use threedimensional satellite observations of aerosols and clouds, and simulations with a global three-dimensional chemistry transport model (CTM) to examine the origin, long-range transport, and removal of an exceptionally persistent Australian biomass burning pollution plume in December 2006.
[3] Biomass burning and forest fire emissions contribute significantly to atmospheric composition on regional and global scales. Emissions from fires contain a variety of chemically active trace gases that affect the oxidizing capacity of the troposphere and ultimately lead to the formation of tropospheric ozone. Another major component of fire emissions is aerosol, which has strong radiative effects, and serves as a site for heterogeneous chemistry impacting trace gas concentrations. The sensible heat produced by the fires often leads to convective lofting of emitted species to the free troposphere [Pickering et al., 1996] . Once in the free troposphere the gases and aerosols can be transported over vast distances affecting the concentrations of trace substances in remote regions.
[4] So far, few studies into long-range transport of pollution in the extratropical Southern Hemisphere have been performed. These events are relatively rare due to few prominent sources. The first satellite observation of longrange transport in the extratropical Southern Hemisphere was reported by Wenig et al. [2003] , who described the transport of a NO 2 plume of anthropogenic origin from South Africa to Australia. Fromm et al. [2006] revealed that forest fires near Canberra (southeastern Australia) in 2003 injected smoke into the stratosphere. Studies of the longrange transport of biomass burning pollution in the southern tropics showed that the majority of the pollutants end up circulating in large accumulation regions over the southern Atlantic and over the Indian ocean [Staudt et al., 2002; Stein et al., 2003; Edwards et al., 2006] . Under favorable meteorological conditions, i.e. by the passage of a frontal system, air from these accumulation regions is flushed and subsequently transported eastward, traveling as far as the Pacific [Staudt et al., 2002; Sinha et al., 2004] . The fraction of the pollutants following this pathway, based on Figure 3 in Edwards et al. [2006] , is estimated to be less than 10% of the total emission in South America and Africa. Boreal fires are also important sources, and intercontinental transport of pollution from such fires has been reported on several occasions [Forster et al., 2001; Spichtinger et al., 2001; Damoah et al., 2004] .
[5] Satellite measurements are particularly useful to study the evolution of pollution from fires. Herman et al. [1997] used the Absorbing Aerosol Index (AAI) for the first time to track aerosol plumes with satellite measurements. The recent availability of space-borne remote sensing instruments such as the Ozone Monitoring Instrument (OMI ) and the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP [Winker et al., 2003] ) enables us to observe and evaluate the sources, threedimensional long-range transport and dissipation of biomass burning plumes. The global daily coverage of AAI measurements by OMI is elemental in following the evolution of rapidly moving pollution plumes as was previously demonstrated for the 2006 Australian forest fires by Torres et al. [2007] . CALIOP measurements provide information on the vertical distribution of the biomass burning plume. Here we also investigate the possibility, in absence of CALIOP measurements, to derive the aerosol plume height from OMI O 2 -O 2 retrievals.
[6] Fire plumes can reach a wide range of altitudes. Labonne et al. [2007] , employing CALIOP measurements to determine plume heights, states that the majority of biomass burning plumes remains in the mixing layer and only sporadically reaches the free troposphere. This relates to the fact that the majority of wild fires occur in highpressure (''good weather'') conditions with corresponding thermal stability by subsidence . Using MISR data Kahn et al. [2008] showed that approximately 20% of fires over Alaska-Yukon inject smoke directly into the free troposphere and the tendency of CALIOP to predominantly observe boundary layer plumes is attributed to its narrow swath. Mazzoni et al. [2007] report the majority of the biomass burning plumes over North America to reside in the lower troposphere between 2 and 3 km altitude. Detailed studies of summer-time fires in northern Canada showed that under favorable meteorological conditions, i.e. an unstable atmosphere, pyro-convection can quickly loft forest fire smoke to the upper troposphere or even into the lower stratosphere [Fromm and Servranckx, 2003] . The term pyro-convection refers to convection triggered by an intense heat source at the surface, e.g., forest fires. Plumes in the upper troposphere have a much longer lifetime than their lower tropospheric counterparts, because of prevailing low humidity and low temperatures that suppress scavenging, thereby augmenting the horizontal range over which they are transported. We will show here that the aerosol plume from the 14 December 2006 Australian forest fires was lofted by pyro-convection in an unstable atmosphere into the jet stream and circumnavigated the world in 12 days. A comparable event was reported by Damoah et al. [2004] for a boreal fire plume; here we report for the first time on rapid circumnavigation by forest fire plumes of the Southern Hemisphere. As pointed out by Hyer et al. [2007] , the effective injection height of fire emissions depends on both the energy of the fire and on the local meteorological conditions. Currently, CTMs ignore the energy of fire plumes, and biomass burning emissions are released in the lower model levels [e.g., Lavoué et al., 2000; Colarco et al., 2004] . Consequently, lofting of the plume depends solely on meteorological conditions. We show that using appropriate injection heights is essential for simulation of the observed three-dimensional transport of the Australian aerosol plume.
Satellite Observations and Transport Model

OMI
[7] The Dutch-Finnish Ozone Monitoring Instrument (OMI) is a UV/Vis imaging spectrometer that records the backscattered radiance from the Earth's atmosphere in three spectral channels between 264 and 504 nm at an average spectral resolution of 0.5 nm. It combines a wide swath (2600 km) with high spatial resolution (24 Â 13 km 2 at nadir). OMI is part of the EOS-Aura mission (launched July 2004) which is in a sun-synchronous ascending node orbit that crosses the equator at 13:40 local time. In this study we use the OMI scientific data products AAI, cloud fraction and cloud pressure, and false color RGB images. A detailed description of OMI's scientific objectives is given by Levelt et al. [2006] , instrument details are available in the work of Dobber et al. [2006] .
OMI AAI
[8] The Absorbing Aerosol Index (AAI) is a measure of the spectral slope of the atmospheric backscattered radiance in the UV as compared to the spectral slope of a pure molecular atmosphere described by Rayleigh scattering [Herman et al., 1997] . The AAI is the positive part of the residue which is defined as
with l 1 , l 2 the wavelength pair used to calculate the residue, R l the reflectance at wavelength l, R meas the measured reflectance, and R Ray the calculated reflectance for a Rayleigh atmosphere. Here the surface albedo of the Rayleigh atmosphere is adjusted such that R l 1 Ray = R l 1 meas . To calculate R l 2 Ray , the surface albedo at l 2 is assumed to be equal to the surface albedo at l 1 .
[9] Positive values of the residue denote the presence of UV absorbing particles. Clouds or scattering aerosols produce zero or negative residue values. Although the AAI does not represent one single aerosol property but rather depends on several properties [de Graaf et al., 2005] , its advantage is that it can detect aerosols over a wide variety of scenes, including bright surfaces and clouds. The AAI is a powerful method for tracking aerosol plumes in satellite measurements, and it has been employed in various studies of the transport of aerosol plumes [Herman et al., 1997; de Graaf et al., 2005; Fromm et al., 2005] . Here we use the AAI that is included in the OMI TOMS Ozone product [Bhartia and Wellemeyer, 2002] ; the wavelength pair used to calculate the AAI is 331/360 nm. Ahn et al. [2008] successfully verified the consistency of OMI AAI with other aerosol products.
OMI RGB Images
[10] False color RGB images are constructed from the OMI data by integrating three 20 nm wide wavelength bands in the VIS channel centered at 360, 420 and 484 nm, the ''B,'' ''G'' and ''R'' wavelength bands respectively. Kroon et al. [2008] describes the construction of the RGB images in detail and applied these in the validation of OMI's geolocation. The B wavelength band is close to the wavelength pair that is used for determining the AAI, so that UV-absorbing aerosols are well visible as a brown hue in the OMI RGB images.
OMI O 2 -O 2 Data Products
[11] The OMI cloud retrieval algorithm uses the O 2 -O 2 absorption feature at 477 nm [Acarreta et al., 2004] . The continuum reflectance of the scene is used to determine the effective cloud fraction c eff . A DOAS (Differential Optical Absorption Spectroscopy) fit of the OMI reflectance spectrum between 460 and 490 nm is used to determine the slant column amount of O 2 -O 2 . This quantity represents the O 2 -O 2 column along the average photon path from the sun through the atmosphere to the effective scattering pressure level, and back to the satellite instrument. Sneep et al. [2008] showed that over cloudy scenes, the effective scattering height is situated in the middle of the cloud. The O 2 -O 2 slant column, together with the viewing and solar geometry, is used to find the effective scattering pressure by means of a lookup table. The lookup table was produced using the DAK (Doubling Adding KNMI) radiative transfer model [de Haan et al., 1987; Stammes, 2001] . Clouds are approximated as Lambertian surfaces with albedo 0.8. Light can also be reflected by aerosols, and the O 2 -O 2 algorithm, using the assumed cloud model, will retrieve an effective O 2 -O 2 pressure and c eff for scenes with aerosols. The reflectance due to aerosols in the pixel is ascribed to a cloud with albedo 0.8, thus yielding a small value for the effective cloud fraction. The retrieved O 2 -O 2 cloud pressure belongs to this cloud fraction. OMI O 2 -O 2 cloud fractions have been validated successfully against MODIS-Aqua cloud observations , and OMI cloud pressures were generally within 100 hPa of PARASOL cloud pressures.
CALIOP/CALIPSO
[12] The CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation) satellite carries a twowavelength (532 and 1064 nm) lidar, named CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization), and uses backscattered lidar pulse to measure the vertical distribution of aerosols and clouds, with a horizontal resolution of 333 m along track and a vertical resolution of 30-60 m [Winker et al., 2003] . Together with EOS-Aura, CALIPSO is part of the A-train, (http://www-calipso.larc. nasa.gov/about/atrain.php) a formation of five scientific platforms in near-identical orbits with 15 minutes separation between the leading and the trailing satellite. CALIPSO observes the same scene 5 -10 minutes prior to OMI, albeit with a much narrower swath. McGill et al. [2007] reported good agreement between cloud top altitude determination by CALIOP and the airborne Cloud Physics Lidar (CPL). Kim et al. [2008] showed that in comparison with a ground based lidar CALIOP measurements of cloud top height agree within 0.1 km, and that CALIOP retrieval of aerosol vertical distributions agree well when not obscured by overlying clouds.
TM4
[13] The Tracer Model version 4 (TM4) is a threedimensional CTM based on the parent model TM3 [Dentener et al., 2003, and references therein] . We conduct TM4 simulations with a spatial resolution of 3°Â 2°and 34 sigma-pressure levels up to 0.1 hPa in the vertical direction. The model is driven by 6-hour (3-hour in the boundary layer) meteorological fields from 90-layer ECMWF operational analysis data. The transformation of the vorticity, divergence, and surface pressure fields in the spectral representation of the ECMWF model to the velocity and surface pressure fields on the regular model grid is performed using the method described by Segers et al. [2002] . Model transport of SF 6 in the troposphere has been evaluated with flask measurements showing good agreement [Peters et al., 2004] . The latter study was performed with the successor of TM4, TM5, but the meteorological input data and transport scheme are identical between both model versions. Gloudemans et al. [2006] and de Laat et al.
[2007] compared TM4 simulations of CO concentrations with CO measurements from SCIAMACHY, and found good agreement between the simulated and observed transport of CO, with the model bias most likely due to uncertainties in the emission database. In this study we focus on transport of biomass burning aerosols, here represented by a passive tracer with a molar mass similar to that of air. The location and amount of this biomass burning tracer emission were taken from version 2 of the Global Fire Emission Database (GFED-2 [van der ). GFED-2 provides monthly and 8-day means of biomass burning emissions on a 1°Â 1°data grid. For our relatively cloud-free study region, we scaled the monthly emissions to a daily resolution using Terra and Aqua MODIS fire hot spots [Giglio et al., 2003] , consistent with the GFED approach.
Origin and Vertical Transport of the Australian Biomass Burning Event
[14] Figure 1 presents OMI observations of the time evolution and transport of the Australian biomass burning event from 14 to 20 December 2006. The RGB and AAI images show that a large amount of absorbing aerosol was released into the atmosphere on 14 December 2006 from southeastern Australia, and that the resulting plume was subsequently transported over the Pacific Ocean. Figure 1 indicates that the aerosol plume traveled from Tasmania to Chile within a period of five days, corresponding to an average (Eastward) plume velocity of more than 100 km/h. We will later show ( Figure 9 ) that the frontal part of the plume completed its journey around the world and reached the point where it was emitted after 12 days.
[15] The RGB images in Figure 1 shows that the dark brown aerosol plume was often situated over white cloudy areas, and persisted for more than a week, suggesting that the aerosol plume resided in the dry air well above the clouds. This is considerably longer than the average lifetime of 3.8 days for aerosols in biomass burning outflow plumes as calculated by Edwards et al. [2006] . Because CALIPSO was switched off between 6 and 18 December 2006 due to space weather conditions, we use effective cloud/aerosol pressures from the OMI O 2 -O 2 algorithm [Acarreta et al., 2004] to evaluate the vertical distribution of the aerosol plume. Figure 2 shows that clouds adjacent to the plume (indicated by the dark blue pixels in the RGB images of Figure 1 ) on average reside between 800 and 400 hPa, corresponding to altitudes of up to 6 km. These O 2 -O 2 cloud levels provide a lower limit for the height of the aerosol plume. Using the O 2 -O 2 pressures retrieved for the OMI pixels with enhanced AAI, we find significantly lower pressures (brown diamonds in Figure 2 ) than for the adjacent cloud scenes, which confirms that the absorbing aerosol plume is situated in the upper troposphere above the clouds. Figure 2 also shows the tropopause pressure from ECMWF meteorological fields, using the WMO 1985 definition of the tropopause (lowest level where the lapse rate is smaller than 2°C/km). CALIOP measurements of the plume altitude, which will be discussed in the next section, suggest that the aerosol plume resided near the tropopause, and that part of the plume may have entered the lower stratosphere.
[16] The OMI O 2 -O 2 pressure for the plume on 14 December indicates that the plume is at approximately 450 hPa right after the biomass burning event. This is most likely due to pyro-convection and rapid uplifting by a frontal system that reached southeastern Australia on 14 December. Until 13 December, the meteorological situation over southeastern Australia was dominated by a subtropical high. A normal situation for that time of year, which is characterized by intense drought and heat, creating favorable conditions for spawning forest fires. On 14 December, a low pressure trough, associated with a depression at 60°S, 140°E, approached southeastern Australia from the west as shown in the weather chart of Figure 3 . The approaching trough resulted in a strong pressure gradient between this low and the subtropical high situated between Australia and New Zealand. The location and timing of the rapid eastward transport and frontal uplifting of the aerosol pollution plume on 14 and 15 December corresponds well with this pressure gradient.
[17] We see from Figure 2 that on 15 -17 December, right after the biomass burning event on 14 December, the plume appears to be particularly high, with O 2 -O 2 pressures of approximately 300 hPa. At these altitudes, the aerosol plume is rapidly transported in easterly direction by the subtropical jet stream, in line with the observations shown in Figure 1 . Between 18 and 23 December, the plume O 2 -O 2 pressures gradually decrease to values around 500 hPa. To investigate whether this apparent subsidence of the aerosol plume is real, we now compare the OMI O 2 -O 2 pressures to backscatter information from CALIOP.
Evaluation of OMI O 2 -O 2 Pressures for Aerosol Vertical Distribution
Comparison With CALIOP Results
[18] Figure 4 shows a comparison between the vertical distribution of the aerosol plume observed by CALIOP and (Figure 4b) . Again, the OMI O 2 -O 2 pressures correspond with the CALIOP cloud levels, indicating that OMI O 2 -O 2 pressure retrievals are mainly sensitive to bright clouds in such situations, and not to aerosol plumes residing above. Figure 4c shows the comparison for a situation with a high aerosol plume (10 -14 km) over high, intermittent clouds (OMI orbit 12925, western Atlantic). Here O 2 -O 2 pressures indicate altitudes as high as 8 km, notably between 33°S and 36°S, a region where CALIOP did not observe clouds. This finding suggests that the OMI O 2 -O 2 retrieval is sensitive enough to detect the presence of a high aerosol plume over cloud-free scenes, but also that the O 2 -O 2 pressures are an overestimate of the actual aerosol plume pressure. This is confirmed by Figure 4d . We evaluate the sensitivity of OMI O 2 -O 2 pressures of the aerosol plume to the density of the aerosol plume in Figure 5 . Figure 5 indicates that the OMI O 2 -O 2 pressures of aerosol plumes generally decrease with increasing AAI (and that the agreement with CALIOP altitudes improves), i.e. that high aerosol plumes are best obtained from OMI scenes with high AAI. For such situations there is a smaller contribution from scattering from the atmosphere below the plume than for situations with low AAI, resulting in less O 2 -O 2 absorption.
Radiative Transfer Results
[20] To further investigate the low bias in OMI aerosol altitude retrievals relative to CALIOP, we conducted radiative transfer simulations with the atmospheric situation (cloud and plume height) observed by CALIOP as input, and top-of-atmosphere UV-Vis reflectance spectra as output. We subsequently applied the OMI O 2 -O 2 and AAI retrieval algorithms to the simulated spectra. The simulations were done with the DAK radiative transfer model that includes all relevant physical processes including Rayleigh and multiple scattering, trace gas absorption, scattering by aerosol or cloud particles, and polarization. Aerosols were characterized by their single scattering albedos (0.79 -0.94, consistent with values observed for biomass burning plumes [Dubovik et al., 2002; Mitchell et al., 2006; Qin and Mitchell, 2009] ) and aerosol optical thicknesses. Further Table 1 . We found that our simulations result in AAI values that agree well with the actually observed AAI values, supporting the assumptions on aerosol characteristics in our simulations. Figure 6 shows the aerosol height input to DAK, and the subsequently retrieved aerosol height from the O 2 -O 2 algorithm. Simulations of orbits 12923 ( Figure 6a ) and 12924 (Figure 6b ) confirm that the O 2 -O 2 algorithm is sensitive to the altitude of the cloud rather than the altitude of the aerosol plume in situations of an optically thin aerosol plume above a lower-lying cloud deck. In Figure 6d , a simulation of orbit 12953, we see that the O 2 -O 2 algorithm does detect the lofted plume, but underestimates its altitude; for a 13 -15 km aerosol plume (as observed by CALIOP), OMI retrieves a plume at 3-6 km, consistent with the observations shown in Figure 4d . We also performed a simulation of an optically thick (t > 3) aerosol plume over a cloud deck, similar to the situation observed for OMI orbit 12856 on 15 December, in absence of CALIOP data. In this case the O 2 -O 2 algorithm retrieved the altitude of the aerosol plume with a scene pressure of approximately 200 hPa, comparable to the OMI O 2 -O 2 pressure observed on 15 December (Figure 2 ).
[21] Figures 6a and 6b show that when using the O 2 -O 2 algorithm for determining aerosol plume height, the altitude of the cloud rather than the altitude of the aerosol plume is retrieved. This is attributed to the fact that the brighter cloud outshines the plume. Figure 5 suggests that when the plume is dense enough, the cloud no longer outshines the plume, and information on the altitude of the plume is retrieved.
[22] Figures 6a and 6b also show that for the plume above a cloud layer, increasing the plume height decreases the retrieved plume altitude. This apparently contradictory finding can be explained by lengthening of the light path by reflections between the cloud top and the aerosol plume. A longer light path will increase the observed O 2 -O 2 column which in turn will result in a decrease of the retrieved altitude, as sketched in Figure 6c .
[23] We conclude that for determining the altitude of the aerosol plume an active sounding instrument like CALIOP gives the best results. In absence of CALIOP data, OMI O 2 -O 2 pressures of adjacent clouds provide constraints on the lower limit of the plume's altitude. Direct application of the O 2 -O 2 algorithm to the aerosol plume gives under specific conditions some indication for the plume altitude, but this depends on the atmospheric conditions, especially the optical thickness of the plume. In general, the O 2 -O 2 pressure of the aerosol plume is most indicative for situations with high AAI ( 5 5) and no clouds. The radiative transfer simulations show that the O 2 -O 2 algorithm always underestimates the altitude of the plume. The O 2 -O 2 algorithm in its current form was designed and optimized for cloud retrieval, as illustrated by the employed scattering model (a Lambertian reflector with albedo 0.8). We hypothesize that by the use of a scattering model which is adjusted to the scattering and absorption properties (optical thickness, single scattering albedo) of a smoke aerosol layer of sufficiently high optical thickness, will produce better O 2 -O 2 retrievals of the pressure of smoke aerosol plumes.
Injection Height and Long-Range Transport of the Australian Biomass Burning Event
[24] According to the GFED-2 record , resampled to a daily time step using fire counts from four daily overpasses of the MODIS sensors on board of the Terra and Aqua satellites [Giglio et al., 2003] , wildfires blazed on 14 December 2006 between 30-40°S and 140 -154°E. To evaluate the injection height and subsequent transport of the biomass burning plume, we released a passive, but water soluble, tracer in TM4 on this date in the grid cells with fires between 30 -40°S and 140 -154°E. We conducted simulations with tracer emissions at the surface level (1013 hPa), and at 540 hPa. Figure 7 shows that emissions at the surface and at 540 hPa, lead to remarkably similar tracer vertical distributions, with highest tracer concentrations between 300 and 400 hPa. Figures 7b and  7d clearly show that after 5 -7 days the simulated tracer plumes are too low by 2 -3 km relative to CALIOP observations. These results suggest that TM4 has some skill in simulating the lofting of the plume by the cold front, but also that the model fails to push the plume toward altitudes where it is picked up by the jet stream and where it has actually been observed. A schematic picture of the pyroconvective lofting mechanism is sketched in Figure 8 . This deficiency of the model is likely a result of TM4 not accounting for the enhanced buoyancy of the plume provided by the heat of the extensive fires. To circumvent this shortcoming, and to mimic the effects of pyro-convection, we conducted a simulation where we released the tracer at 248 hPa. Figure 7 shows that injection at 248 hPa results in tracer plumes that are higher by 2 -5 km, and closer to the observed CALIOP plume altitudes.
[25] That injection at 248 hPa closely approximates the true emission height is confirmed by Figure 9 that compares the evolution of the passive tracer with the OMI AAI observations. The tracer fields represent simulated vertical tracer columns between 540 and 130 hPa (5 -15 km), sampled at 13:30 hrs, close to the OMI overpass time. A primitive kernel, accounting for the increasing AAI sensitivity with height [de Graaf et al., 2005] , has been applied to the simulated fields for consistency. We see a good correspondence between the simulated tracer columns and the observed AAI fields between 14 and 19 December. The elongated structure simulated over the southern Pacific on 16 December (Figure 9c ) coincides with the observed split-up in the AAI field.
[26] The locations of the AAI plumes are captured very well on 18 and 19 December although the modeled feature west of South America has dispersed more and is spatially more extended than the AAI plume marked N 1 . On 20 and 21 December the remaining AAI plumes are all captured by the model, especially the narrow band-like structure over South America on 21 December is reproduced well. We also see that the modeled tracer features appear more extended than the AAI plumes, and that tracer features persist over the east Pacific Ocean which are not seen in the AAI observations, such as the feature marked N 2 on 21 December. However, the AAI observations coincide remarkably well with the maximum values of the tracer simulations for 18-21 December. For 22 and 23 December the discrepancy between model and observations appears larger, but the scattered remains of the AAI plume still coincide with the front moving part of the modeled tracer. On 25 December, when the aerosol plume completes its circumterrestrial tour, AAI and the simulations do not correspond anymore.
[27] In the modeling experiment we tested various injection heights where we focused on the agreement between AAI observations and model for the passage of the plume over South America between 18 and 21 December. The tests showed that for injection heights below 455 hPa the AAI plume marked N 1 on 19 December was not reproduced by the model. For injection heights above 455 hPa this feature was reproduced, with little influence of the injection height. The agreement between model and AAI for the plume bridging South America on 21 December also varies slightly with injection height. The choice for injection at 248 hPa resulted in the best agreement between model simulations and OMI AAI and CALIOP observations on 19 and 21 December. Furthermore, simulations with lower injection heights exhibited discrepancies with the observations that immediately showed up in the first days after their release: a considerable amount of tracer remained in the region between Australia and New Zealand whereas the higher injection heights did not exhibit this stagnant behavior.
[28] Figure 9 shows that TM4 reproduces the dilution of the plume similar to the OMI AAI observations, although the observed plume appears to shrink and thin more rapidly than the model tracer. This can be due to too strong diffusivity in the model or due to scavenging processes acting on the plume that are not accounted for by the model. Most likely, it is related to the thinning of the plume which causes the AAI to drop below the detection limit. This would explain why we see chunks of plume in the AAI Figure 8 . Schematic drawing illustrating the lofting of the biomass burning plume by a passing cold front. The heat of the fire provides the plume with additional buoyancy, allowing it to rise above the top of the cold front. whereas the model simulates a continuous band of enhanced concentrations. The role of scavenging processes in the model is demonstrated by Figure 10 which compares the model results for the water soluble, depositable tracer to a completely inert tracer. The tracer densities for the inert tracer are consistently higher than for the water soluble tracer, which shows that by incorporating wet deposition the TM4 model is capable of simulating not only the transport of the aerosols in the plume but also their ultimate fate: removal by scavenging.
[29] Extreme lofting by pyro-convection, although rare, is important because of the rapid pathway it offers for biomass combustion products to reach the high troposphere or lower stratosphere [Fromm et al., 2005] . The meteorological conditions of a pyro-convection case described by Fromm et al. [2005] that enabled injection of biomass burning aerosol into the lower stratosphere via pyro-cumulonimbus clouds are very similar to what we find here. In both cases a passing cold front transported unstable air to a previously anticyclonal situation, which, in combination with the intense heat from the fires caused rapid lofting to high altitudes. Unlike Fromm's study, the aerosols from the December 2006 Australian forest fires did not reach the lower stratosphere but settled near the tropopause. It has been observed before that smoke emissions from large fires in Australia's temperate forests reached high altitudes. Mitchell et al. [2006] reported a plume altitude of 14 km following the January 2003 Canberra firestorm. Fromm et al. [2006] discussed the abnormally violent pyro-cumulonimbus triggered by this event that injected smoke from these fires into the stratosphere. Apparently in some cases the meteorological conditions that foster ferocious forest fires, strong winds after a prolonged drought, also stipulate the occurrence of pyro-convection (unstable air, frontal passage).
[30] Currently, the TM4 model does not incorporate pyroconvection. Forest fire emissions are released at surface level and convection and advection of the released tracers are governed by meteorology alone, ignoring the buoyancy from the sensible heat of the fire. As pointed out by , most CTMs do not treat lofting of fire plumes properly and the common workaround in transport studies of forest fire events is to impose an injection height for the emission, as we did in this study. Leung et al. [2007] reported reasonable agreement between model results and measurements for monthly variations in CO concentrations when emitting half of the CO from fires in the free troposphere. Studies of various fire events have shown that the injection height of emission plumes varies considerably among the fires. The lofting of fire emissions depends on the energy of the fire and the local meteorological conditions . Therefore it is not sufficient to have CTMs release the emissions of forest fires at prede- Figure 10 . Same as Figure 9 , but only for 20-24 December. The plots in the left column show the TM4 results for a water-soluble tracer subject to deposition, whereas the plots in the right column show the TM4 results for an inert passive tracer. fined, fixed, injection heights. Especially when dealing with exceptional fire events as in this study, a parameterization of the lofting of the plume is needed. To implement this in TM4 we suggest an approach similar to the work of Freitas et al. [2006 Freitas et al. [ , 2007 , who embedded a subgrid plume model in a three-dimensional CTM and obtained good results for CO distributions in regions close to the source. The plume model needs the buoyancy flux [Freitas et al., 2007] , which requires an additional database of vegetation type to estimate the heat flux and information on the fire size to calculate the buoyancy flux. Preliminary tests with a onedimensional plume-rise model, adapted from the work of Freitas et al. [2007] , and currently in development to be implemented in GEOS-Chem [Bey et al., 2001] , suggest that aerosols emitted from large fires on 14 December reached the upper troposphere ($380 hPa), in agreement with the OMI O 2 -O 2 pressure of the aerosol plume retrieved on 14 December as shown in Figure 2 . Although this is somewhat lower than the injection height used in the TM4 simulations, it demonstrates the importance of pyroconvection for the December 2006 Australian forest fires. The fact that there is a difference between the injection height in TM4 (248 hPa) and the injection height suggested by the plume rise model may indicate that, apart from pyroconvection, another process contributed to the lofting. Absorbing aerosols situated above bright clouds are known to be subject to considerable heating (up to 80 W/m 2 [Stammes et al., 2009] ), which may have lead to so-called sunlight-induced upward forcing.
Conclusions and Outlook
[31] We studied an exceptional case of aerosol transport originating from intense forest fires in southeastern Australia on 14 December 2006. On this date, a dense plume was injected into the jet stream by pyro-convection into a highly unstable atmosphere with a passing cold front. Daily observations of OMI Absorbing Aerosol Index reveal that the plume was transported eastward across the Pacific in 5 days, and circumnavigated the globe in 12 days.
[32] In absence of CALIOP data, we explored OMI O 2 -O 2 pressures to obtain information on the altitude of the aerosol plume. O 2 -O 2 pressures retrieved from OMI pixels with high aerosol loading were consistently lower than O 2 -O 2 pressures for cloudy scenes adjacent to the plume, showing that the plume resided well above the clouds. OMI O 2 -O 2 pressures indicate that the plume resided close to the tropopause in the first 3 days after emission. Data from the CALIOP spaceborne lidar (available from 19 December 2006 onwards) show that the plume was still situated in the upper troposphere 5-7 days after emission. Detailed radiative transfer calculations suggest that the current OMI O 2 -O 2 retrievals contain useful information on the altitude of the aerosol plume under specific conditions (high AAI, no clouds below). Detecting the altitude of aerosols from space with passive remote sensing could be improved by including a scattering model that incorporates the optical properties of aerosol layers rather than those of clouds.
[33] Simulations with emission of a passive, soluble tracer in the TM4 chemistry transport model show that an injection height of 248 hPa ($10 km) gives the best agreement with two-dimensional OMI AAI observations and with the vertical distribution of the plume observed by CALIOP. Injection at the surface and at 540 hPa ($5 km) yields similar tracer vertical distributions that are too low relative to the vertical distribution observed by CALIOP. The similarity of the surface and 540 hPa injections shows that the lofting of the plume by the cold front is properly simulated by TM4. The reason behind the fact that the plumes are too low relative to CALIOP is because TM4, like most CTMs, ignores the additional buoyancy resulting from the heat of the fire.
[34] TM4 simulations with a soluble and depositable tracer better reproduce the observed (OMI AAI) dilution of the aerosol plume than simulations with an inert tracer. This suggests that TM4 is successful in describing removal by scavenging of the aerosols.
[35] Our study illustrates that neglecting plume rise due to pyro-convection can be a source of considerable model error. To better understand the effects of biomass burning on the global atmospheric composition, emissions from fires should be released at the appropriate heights. One promising approach [Freitas et al., 2007] is to incorporate injection heights computed with a one-dimensional cloud model that takes into account the convective energy of the fire in the context of environmental meteorological conditions.
